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• , corresponding to an aspect ratio of 1.7, remains undisturbed throughout the motion. The main experimental results for the final extent of the deposit and the time for emplacement are systematically collapsed in a quantitative way independent of any friction coefficients. Along with the kinematic data for the rate of spread of the front of the collapsing column, this is interpreted as indicating that frictional effects between individual grains in the bulk of the moving flow only play a role in the last instant of the flow, as it comes to an abrupt halt. For a < 1.7, the measured final runout radius, r ∞ , is related to the initial radius by r ∞ = r i (1 + 1.24a); while for 1.7 < a the corresponding relationship is r ∞ = r i (1 + 1.6a 1/2 ). The time, t ∞ , taken for the grains to reach r ∞ is given by t ∞ = 3(h i /g) 1/2 = 3(r i /g) 1/2 a 1/2 , where g is the gravitational acceleration. The insights and conclusions gained from these experiments can be applied to a wide range of industrial and natural flows of concentrated particles. For example, the observation of the rapid deposition of the grains can help explain details of the emplacement of pyroclastic flows resulting from the explosive eruption of volcanoes.
Introduction
Granular media have been the focus of an increasing amount of research in recent years, because their properties and behaviour as either static piles or highly mobile flows are fundamental to the understanding of many man-made processes and natural phenomena. The deliberate flow of particulate matter is widely encountered in the industrial handling of grains and powders, while the mechanical stability of static piles of granular material is of central concern to many civil engineering projects. In nature, accumulations of non-cemented grains occur in both subaerial and subaqueous environments over scales ranging from millimetres to several tens of kilometres. Their tendency to remain statically packed or move is fundamental to phenomena ranging from the inexorable processes of erosion and sedimentation to the sudden catastrophic failures of landslides and generation of snow avalanches on mountains and pyroclastic flows in explosive volcanic eruptions.
In spite of these ubiquitous applications, even static problems involving granular media, such as the central issue of determining the pressure at the base of a stationary sand pile, are still controversial -see, for example, the reviews by Cates et al. (1999) or de Gennes (1999) . Part of the difficulty stems from trying to describe quantitatively the forces set up between individual grains. In addition, the static friction against confining walls, if present, leads to a pressure with depth dependence that can be far from the hydrostatic relationship valid in a fluid.
Flowing granular media present further problems of great richness and complexity. While there are a variety of theories, and related governing equations, to describe particular aspects of granular motion, these (generally) continuum theories and equations are still deficient and much debated. Some progress has been made in considering the flow of granular material down chutes whose initial steepness is greater than the (static) angle of repose of the granular media, thus assuring its initial motion. The approach generally used by a variety of researchers has been to derive depthaveraged equations for flow down a rough inclined plane and introduce empirical friction factors to try to obtain agreement with data from experiments (see, for example Savage & Hutter 1989; Anderson & Jackson 1992; Savage 1998; Pouliquen 1999; Iverson & Denlinger 2001 , and some of the references therein). However, to quote Pouliquen (1999) "despite this apparent simplicity and the numerous experimental, numerical and theoretical works devoted to granular chute flows, their description and prediction are still a challenge". Some of the reasons why the challenge remains are described by Kadanoff (1999) .
Many insightful reviews of the exciting and diverse areas of research into granular flows have appeared, including those by Campbell (1990) , Savage (1995) and Jaeger, Nagel & Behringer (1996) .
The aim of the current work is to present experimental results for the fundamental problem of the collapse of initially vertical cylinders of granular material. The study focuses on the subsequent axisymmetric spreading of the dense granular flows. Aside from intellectual curiosity and the central nature of the problem, the study is primarily motivated by a need to understand the flow mechanics of granular material in the environment, such as occur in pyroclastic flows and debris avalanches. The study may also be relevant to understanding industrial granular flows generated either by accident or design. Pyroclastic flows and debris avalanches are some of the most destructive phenomena in nature. In order to assess their hazard potential, an understanding of their underlying physics is essential. Geophysical particulate flows are understood as multi-phase flows where volume, mass flux, grain size, particle concentration and bulk density can vary over several orders of magnitude (Druitt 1998) . Thus, physical models describing the state of flow range from dense, granular flows, where the gas phase plays a subsidiary role (Dade & Huppert 1998) and motion is dominated by particle interactions, through gas-fluidized flows, where gas plays a significant role (Roche et al. 2002) , to highly diluted, turbulent systems where gas is the dominant phase and transports particles in turbulent suspension (Druitt 1998; Freundt & Bursik 1998; Huppert 1998) . Direct observations of such geophysical flows are rare and the study is often limited to making inferences from the characteristics of their resulting deposits. Interpretations of all such geological observations depend on a good understanding of the underlying fluid mechanics.
In contrast to classical fluid mechanics, general constitutive laws for granular flows are largely unknown and experimental studies in these circumstances provide a key approach to the investigation of their dynamical behaviour. Recent experimental studies on chute flows of granular matter (e.g. Savage & Hutter 1989; Daerr & Douady 1999; Pouliquen 1999; Pouliquen & Forterre 2002) reveal interesting scaling laws on granular dynamics, but many of these experiments are performed under steady flow conditions. However, most of the dynamics in dense, geophysical flows are likely to involve unsteady motions. For example, many pyroclastic flows and debris avalanches are initiated on the steep flanks of a volcano and then run out and deposit on shallow slopes. The flows involve acceleration and deceleration and also stages of erosion and deposition.
In this paper we present the results of a series of experiments on axisymmetric granular flows in a simple set-up that (to our knowledge) has not been studied before. The experiments consist of suddenly releasing cylindrical columns of rough granular material over a flat surface, by rapidly raising the containing cylinder. The material then collapses radially and forms a symmetrical pile. The simplicity of this approach enables us to vary the initial parameters of the system (height and radius or volume of the column) systematically. Our aim in this study is twofold. First we are interested in the scaling behaviour for the flow motion and how the geometry of the resulting deposit varies with the initial parameters. To this end we have run experiments which change the initial geometry over at least 2 orders of magnitude. Once the simplest scenario of axisymmetric spreading of dense, well-sorted grains on a flat surface is understood, the set-up can be varied in the future to simulate situations closer to natural flows (e.g. by considering multiple grain sizes and densities, inclination of the ground, temperature etc.). Secondly, our experiments consider processes of flow deformation and sedimentation in dense granular flows. Experimental observations may help to understand the formation of sedimentary features in deposits of pyroclastic flows and debris avalanches that are still controversial. We note, by contrast, that if instead of rough grains we used smooth, frictionless spheres, the collapse would continue indefinitely. Alternatively, an ordered stack of regular shapes, such as a pile of bricks will not collapse at all.
The duration of each experiment was typically less than 2 s and detailed investigations of the flow process required the use of a high-speed video camera. This technique was employed in experiments conducted in Bristol University using sand as the granular material. A complementary set of experiments, aimed mainly at analysing the final geometries of axisymmetric collapses, was performed in Cambridge University, using predominantly sand and salt. Some additional experiments were conducted with couscous, rice, or sugar in order to investigate variations in grain shape and roughness.
The detailed descriptions of the experimental procedure, measurement methods and variations of experimental parameters are given in § 2. Experimental observations are presented in § 3. Results on the geometry of the final deposits of axisymmetric spreading flows are given in § 4. In that section we also show how the geometry of the final deposits scales with the initial parameters and that the presented scaling laws change significantly within the large range of experimental parameters but little between the different grains. The dynamics of laboratory flows with sand are analysed using data on the motion of the flow front in § 4. We present a scaling that describes the radial displacement of the flow front as a function of time for a range of initial parameters and compare this with the spreading of a fluid gravity current released instantaneously from a lock. Expressions for the total collapse time of the column are also obtained. A summary of our results and further discussion are presented in § 5. Aside from our quantitative results describing the motion, the study points to the abrupt transition undergone between the flowing grains and the final static state, the only time during in which intergranular friction appears to be important in controlling the motion of the flowing material.
The experiments
2.1. Experimental set-up The experiments were performed by rapidly releasing granular materials, initially contained in a partially filled cylinder, on to a flat surface and allowing them to spread out unhindered, as sketched in figure 1. Both dry sand with a narrow grain size distribution and vacuum-dried salt were primarily used as the particulate matter, and their density, mean grain size and angle of repose are given in table 1. Granular flows with salt were carried out on a smooth surface of baize. The sand flows were studied on three different surfaces: a smooth wooden plane, a smooth transparent Perspex plane and a rough plane made of sandpaper. The granular roughness of the sandpaper was of the order of the mean particle size of the granular flows. Additional experiments with couscous, rice and sugar were performed on both a smooth wooden plane and a smooth baize surface to further investigate interparticle friction for different grains. A photo of the different sets of grains, clearly showing their different geometrical shapes, makes up figure 2. All the results were independent of the different grains and the surface over which the grains flowed.
The initial aspect ratio a, given by the ratio of initial height, h i , to radius r i was varied systematically by using different initial masses of material, m i , and different diameter cylinders. The radii of the cylinders and the range of the initial aspect ratios used with each material are given in table 2. The initial columns were prepared by quickly pouring a measured mass of particles from above the centre of the cylinder. In order to produce a cylindrical shape the upper surface of the granular column was then flattened. A number of different ways of filling the cylinder were tested and they all lead to the same results. At the start of each experiment, the cylinder was quickly raised at velocities of around 2 m s −1 and the column collapsed and spread out to form a symmetrical pile, as sketched in figure 1(b).
Measurement methods
In order to investigate the dynamic behaviour of the granular motion, a digital high-speed video camera was used for all the experiments conducted in Bristol using sand. To preserve the images at reasonable sharpness, the experiments were recorded digitally at rates of 500 frames per second. Distance versus time data of the flow front were obtained from the footage by measuring the elapsed time at radial markings 1 cm apart. To study the flow and sedimentation processes at the base of the granular body, experiments were performed on a transparent Perspex plane and filmed from below. In order to help visualize the deformation and sedimentation processes during Table 2 . Radius of cylinder and range of initial aspect ratio for each material.
flow, two experimental columns were prepared with zones of differently coloured particles. In the first experiment, three concentric zones were established, consisting of an inner cylinder of non-dyed particles, a middle ring of dyed particles and an outer ring of non-dyed particles. In the second experiment, the cylinder was filled with eight alternating horizontal layers of non-dyed and dyed particles. Both these experiments were carried out on a Perspex plane to study the base of the final deposit. For visualization of the internal deformation, some of the final deposits were cut by a thin transparent vertical Perspex plane. After flow, measurements of the final runout r ∞ , the final cone height h ∞ , the steepest inclination of the pile α and a radial height profile through the pile were measured from the deposit using a point laser focusing technique, as shown in figure 1(b). In some cases, radial height profiles across the pile were also obtained using a penetrometer. This tool consists of thin wires 2 cm apart from each other and covered by a thin film of silicon grease. The wires are inserted vertically into the deposit down to its base, and then withdrawn. Heights were obtained by measuring the distance along which particles stuck to the wire. This method resulted in some destructive disturbance of the granular pile, and could not be used in areas where the angle of rest of the grains approached unstable values, particularly around the steep central cone. Heights obtained in this manner were accurate to ±1 mm, whereas heights and radii obtained by the laser point technique had errors estimated as ±0.1 mm. Repeatability of measurements for the final radius between experiments was of order ±5 mm.
Flow description
Our observations of axisymmetric granular flows from high-speed movies reveal the subdivision into three regimes of flow behaviour dependent on the initial aspect ratio. 3.1. Flows with aspect ratios less than 1.7 For the situations with aspect ratios less than 1.7 (the reason for this limit is explained below), the free upper surface of the column divides into an inner, static axisymmetric region and an outer flowing region. Figure 3 depicts typical photographs for this situation. For flows with a < 0.74 a single circular discontinuity on the surface of the column separates an outer, slumping region from a non-deformed inner region (figure 3a-c). For flows with 0.74 < a < 1.7 the flow is more complex. Two circular discontinuities develop on the upper surface of the column, one rapidly after the other (figure 3d). Material beyond the first discontinuity starts flowing before material between the two discontinuities (figure 3e). The slope of the free surface gradually steepens from the flow front to the flat top, attaining the angle of repose there.
From photographs taken during the flow from below, three different regions were observed at the base: a static circular region, with the same radius r i as the initial container; a ring of previously deposited particles; and an outer ring of still flowing material. The last two regions are divided by a moving interface, which propagates outwards until the flow comes to rest. After the flow front stops, another moving interface, separating an outer static zone from an inner zone of flowing grains, was seen to propagate along the upper free surface from the stationary front towards the centre. The motion in the inner zone is in response to avalanching of the margins of the static circular region observed at the upper surface. This avalanching gradually reduces the radius of the inner zone. The extent of erosion of the circular region at the surface increases with increasing aspect ratio.
After all motion has ceased, for flows with a < 1 a circular undisturbed area at the upper surface of the column, which remains at h i , is preserved (figure 3c), connected to a slope with maximum inclination approximately at the static angle of repose (α = 32
• -32.5
• for sand). In contrast, late-stage avalanching for 1 < a < 1.7 erodes the entire initial column surface leaving a conical pile at the peak (figure 3f ). The maximum inclinations for flows with 1 < a < 1.7 were between 3
• and 5
• less than the static angle of repose.
Flows with intermediate initial aspect ratios
For columns of a > 1.7 (figure 4a), the entire upper surface starts to flow immediately. At the base of the column a flow front develops and axisymmetrically propagates outwards (figure 4b). In the first stage of flow the upper free surface of the column remains undeformed and horizontal (figure 4b). After the column has lost some height, deformation of the top occurs to form a dome whose radius of curvature decreases with time ( figure 4c, d) . Just before the central body relaxes towards its final cone-like shape, two concentric stationary bulges appear on the surface around its steep slope (white arrows in figure 4e). Additionally, as the flow front decelerates, two outwardly propagating concentric surface waves develop across the free surface (black arrows in figure 4e ). Their amplitude of a few millimetres is relatively small compared to their wavelength of 2-3 cm. From the time the flow front stops, a moving interface between deposited and flowing grains propagates inwards across the free surface from the flow front to the central cone ( figure 4f ). This surface phenomenon eliminates the waves and they are not preserved in the final deposit. As with flows for a < 1.7, there are three regions at the base of the flowing granular body: an originally static circular region with radius r i ; a ring of previously deposited particles; and an outer ring of still moving particles. In this outer ring, particle velocities increase with radial distance. For most of the experiment the basal interface between deposited and moving particles continuously propagates outwards. As the flow front decelerates, the interface between deposited and moving grains abruptly jumps to a position further out. After the jump, the new interface between deposited and moving particles becomes wavy. A second jump of the interface between deposited and moving particles occurs just before the flow front stops. The radial distances of the regions before and after the jumps were measured in the high-speed movies. They coincide with the radial distances of the troughs of the concentric waves at the free surface. The final deposit had a steep central cone and an axisymmetric tapering frontal region. The maximum inclination α of the deposit was slightly smaller than the static angle of repose. Flows with 1.7 < a 6 4.6 show similar inclinations (α = 25.5
• -27
• for sand).
When the experiment with three marked concentric zones was vertically sectioned (figure 5) an originally static, central cone-like body can be observed. The most distal parts of the deposit originate from the outermost initial concentric zone. The middle zone has slumped closer to the original position, but is always separated from the ground by a thin zone (a few grain diameters) with particles from the outer zone. This implies that the interface between deposited and moving particles evolves into the flowing body as a shallow plane. Qualitative observations of grain motion along the free upper surface can be deduced from experiments with a column of initially marked horizontal layers. From the top of the column towards the flow front, the free surfaces of these layers are first increasingly stretched in the flow direction at the steep inclined part of the failing column and then increasingly compressed at the outer, flat tapering region (figure 6). The stretching and compression of the free surfaces of these layers is due to different particle velocities at different positions along the free surface. Thus, as observed for the flow front motion, the velocity of particles along the upper free surface change with time. Additional experiments with specially placed marker grains indicated that grains initially in the uppermost region ended up blanketing most of the final pile.
Also, of those grains initially on the vertical margins of the cylinder, all but those in a small region near the top ended up at the base of the deposit. This parallels the fluid mechanical concept that in free flow a fluid parcel which starts on a surface remains on a surface. The experiments with marker beds also indicated that these granular flows do not involve much mixing between initially horizontal, different layers, which become deformed and distorted but not mixed during their displacement.
Flow with large initial aspect ratios
The flow behaviour of the collapse changes as the initial aspect ratio increases; and our data suggest that another transition occurs at around an aspect ratio of roughly ten. After lifting the container, the entire free surface starts to flow immediately. A flow front develops at the basal margin of the column and propagates radially as a thin sheet (figure 7b). In contrast to low-aspect-ratio flows, the upper surface of the column remains undeformed until its height is reduced to that of the neighbouring flat frontal region ( figure 7c, d) . From that time a concentric wave originates from the margin of the falling column and propagates outwards ( figure 7d and e) . Since the wave moves at greater velocity than the flow front it eventually reaches the front, whereupon a thickening of the flow front is observed. Before the flow front has stopped, a moving interface between an inner zone of static grains and surrounding flowing grains propagates along the free surface from the cone towards the front (figure 7f ).
As with flows of lower initial aspect ratios, three different regions were observed at the base of the flow: an originally static circular area with radius r i ; a ring of previously deposited particles; and an outer ring of moving particles. In the first phase of the experiment the interface between deposited and flowing grains continuously propagates outwards. Approximately from the time the wave develops at the free surface, this interface propagates backwards. Thus, already deposited particles are remobilized. A few tens of milliseconds later the direction changes again and the interface between deposited and moving particles propagates outwards. As with flows of intermediate initial aspect ratios, the interface can then jump abruptly outwards. After the jump the interface continuously propagates outwards until a second jump appears a few centimetres behind the flow front.
The final deposit shows a small central cone and a tapering frontal region. The maximum inclination α at the cone is much smaller than the static angle of repose. Our data suggest that α decreases with increasing initial aspect ratio. Much of the remainder of the deposit is of almost uniform thickness. Two concentric bulges were preserved, one near the flow front and the other approximately at half of the runout distance. The bulges were centred above the radial positions where the jumps of the interface between deposited and moving grains were observed at the flow base near the end of emplacement.
Results
4.1. Geometry of the inner, static body When viewed from below, a static region with radius r i was observed in all sand experiments carried out in Bristol. For flows with a < 1.7 a circular discontinuity between a static and a surrounding flowing region was observed at the upper surface of the column. The size of this static region was measured in the high-speed movies after its first appearance at the radial distance r a . There is a good linear relationship between r a and h i , the height of the static region at the upper surface of the column, for cylinders with radii r i = 9.7 cm (figure 8). The regression line through the data indicates a zero height at a radial distance of 9.64 cm, satisfyingly close to r i = 9.7 cm. This result is consistent with an inner, static body with a cone geometry. The outer inclination of that cone, calculated from the regression line, corresponds to an angle of 59.4
• , which can be interpreted as an internal friction angle for the sand. The aspect ratio of this cone is tan −1 59.4 • = 1.7. For flows with a > 1.7 no discontinuity was observed at the upper surface of the column. However, the relaxation of the central region towards a cone-like shape suggests a static interior in the centre. Cutting a deposit of a column with marked layers shows the geometry of this inner, static body to be a steep inclined cone with Figure 8. The radius of the undisturbed free surface, r a , as a function of the initial height, h i , from experiments on sand with a < 1.7. The best-fit straight line through the data is also presented.
a slightly flattened top (figure 5), which is consistent with the partial erosion of the primary inner, static body by the flow.
Scaling laws for the final runout
The initial experimental set-up is uniquely expressible in terms of any two of the variables r i , h i and V = πr 2 i h i . Thus, under the assumption that no internal parameters, such as the value of the Coulomb friction between grains, are relevant during the flow, the final runout radius, r ∞ , and height, h ∞ , can also be written in terms of any two of these three variables. Put another way, the success with which we can quantitatively describe all our experimental data, for different grains, in terms of two of these variables only supports the validity of the assumption that no other parameter plays an essential role. Further confirmation of this result comes from the kinematic data discussed in § 4.6.
Our observations that the form of the collapses differs with different aspect ratios a = h i /r i suggests using a as a fundamental parameter, to which we add, for convenience, r i . (Either h i or V i could also be used to lead to the same results.) Then, by dimensional analysis, we can write
wheref (a) is a (non-dimensional) function of the aspect ratio, to be determined from our experiments (or theory). It turns out in what follows that it is more convenient to express (1) in the slightly different, but equivalent, form
where it is now the unknown (non-dimensional) function f (a) which is sought (and related tof (a) by f (a) =f (a) − 1). Part of the reason to prefer the use of f (a) is that for a very low column r ∞ − r i → 0 and so f (a) = 0, i.e. the function sought goes through the origin. In the flow regime with a < 1.7, the functional form of f (a) can be determined by either physical or mathematical reasoning. Both arguments depend on the fact that, in this range, since only grains initially beyond a specific radius, r a , take part in the motion, the value of r i itself must be irrelevant except in relation to the displacement of the cylindrical edge, δr ≡ r ∞ − r i . This displacement is a length and the only length to which it can be related is h i , and by dimensional analysis the relationship must be linear. Thus δr = ch i , for some constant c. Or in terms of (2) f (a) = ca (0 6 a < 1.7).
The complementary, mathematical argument is that the only way (2), expressed as δr/r i = f (a = h i /r i ), can be independent of r i is if f (a) = ca.
In figure 9 we plot all our data for all the different grains for δr/r i as a function of a. We see that they are represented well by a straight line, with c = 1.24 (for all materials).
We plot all our data for δr/r i in figure 10 on logarithmic axes. For the range of collapses with 1.7 < a, a good power-law representation of the data is given by f (a) = 1.6a 1/2 (4) (for all materials).
Equation (4) is the major quantitative result of our investigation, and can be written as
A theoretical determination of (5), which indicates that the radial spread increase with the square root of the volume, remains a challenge for the future.
Note that the data plotted in figure 10 include those taken from flows on sandpaper. The similarity of the results with rough and smooth surfaces confirms that the interaction of the flow with the ground suface makes little difference to the runout. This is consistent with the interpretation, based on the formation of the broad layer in figure 6 , that a dynamic interface develops within a few particles of the base and separates the flow between deposited and flowing material. While analysing the salt and sand data for the final runout length, we noticed that the length of the straight line from a point on the top perimeter of the initial cylinder of granular material to the furthest point on the base (see inset of figure 
The result is displayed in figure 11 . Even though (6) gives a simple continuous representation of the data, it cannot be appropriate for large a, because while the right-hand side of (6) is a monotonically increasing function of a until a = 27, thereafter it begins to decrease until at a = 46 it is zero. However, we notice that plotting r ∞ as a function of a for constant volumes (figure 12) tentatively suggests an increase for smaller values of a and a tendency to decrease beyond that, at a value of a which increases with V i , but our data are sparse in this region.
Final cone height
The final cone height is dependent on the initial height and aspect ratio and is a consquence of both the collapsing and subsequent avalanching. The relationship for the final cone height on the basis of dimensional analysis is of the form
where φ(a) is a non-dimensional function of a. For 0 6 a < 1.7, h ∞ = h i , which indicates that
which is consistent with the argument that in this range of a, h ∞ is independent of r i . For 1.7 6 a < 10, all our data, plotted on figure 13, are represented well by φ(a) = 0.88a
(1.7 < a < 10) (9) (1.7 < a . 10).
These coefficients are mean values, with some slight systematic deviations of approximately 10% for salt and sand. This variation is thought to reflect the different influences of intergranular friction on late-stage avalanching.
For a > 10 there is an indication that h ∞ decreases with increasing a, as shown on the graph. This is probably an effect of the wave that originates from the centre and with increasing a increasingly transports material from the centre.
Height profiles
The shape or height profiles of the deposit are dependent on the value of a. Using dimensional arguments, the contour of the final deposit must be expressible as
where η is a dimensionless function of its two dimensionless variables with, by definition,
Figure 14 plots h(r)/h ∞ as a function of r/r ∞ for several values of a. A test of any theoretical model to describe column collapse would be its agreement with the data of this figure. Determining the appropriate integrals using the data displayed in figure 14 , we confirm that the final volume of the granular pile equals its initial volume, so that there is no net volume inflation. Determining the final surface area of the free surface S ∞ , non-dimensionalized with respect to πr 13.8 Figure 14 . The non-dimensional height of the final profile as a function of non-dimensional radius for different aspect ratios.
approximates 1 for small a (r ∞ ≈ r i and so S ∞ ≈ πr 2 i ) and increases linearly with a for large a (S ∞ ≈ πr 2 ∞ ).
Further experiments
We have also conducted some preliminary 'drop' experiments for which the cylinder of granular material was raised by a height H off the base and then dropped, to fall to the base and then spread axisymmetrically. All the material dropped a height H under gravity, whereafter the bottom of the pile hit the base and radial spreading commenced. Preliminary results of the non-dimensionalized radial displacement (r ∞ − r i )/r i and the final central height h ∞ /h 0 are plotted as functions of an extended aspect ratio a H ≡ (H + h i )/r i in figure 15 which includes all the previous data with H = 0. The majority of the new values of a H are large, in the third aspect-ratio regime. Rather surprisingly, the results for r ∞ and h ∞ dovetail well with the results for H = 0, although the shape of the deposits must be quite different. This suggests that allowing the granular material to drop before it hits the ground introduces no new phenomena (other than the initial downward acceleration under gravity) and allows an effective aspect ratio a H , which is much larger than the aspect ratio of the initial cylinder, to be investigated. The result is also consistent with the idea that the final extent of the deposit is reached by grains in the uppermost region of the initial cylindrical pile. We plan to present further results of this case in a subsequent publication.
Kinematic data
In order to understand the dynamic behaviour better we analysed the data collected of the radius r of the flow front as a funtion of time t. Three different patterns were observed, dependent on the initial aspect ratio (figure 16a-c). For flows with aspect ratios less than 1.7 there was a primary acceleration phase followed by a deceleration phase (figure 16a). Flows with 1.7 < a < 10 had an acceleration phase, deviates from that observed for flows with intermediate aspect ratios. Before the final deceleration phase the flow front gently accelerates. Comparison of these curves with the high-speed movies suggests that the slight acceleration seems to coincide with the arrival of the wave that travels through the flow at the front.
For all flow regimes, the initial horizontal acceleration was approximately constant at between 0.25 and 0.3 g. Further analysis is constrained due to the non-uniformities in lifting the cylinder.
It is interesting to compare the remainder of the flow to the evolution of an initially cylindrical volume of radius r i , height h i (and volume V i = πr 2 i h i ) of fluid of density ρ propagating below a large body of fluid of small density ρ 1 (Simpson 1997; Huppert 2000) . For an instantaneous release (like that considered above) there is a brief acceleration phase (which to our knowledge has not been quantitatively addressed), followed by a phase during which the front of the flow propagates at a constant velocity, while the free surface bore initiated by the removal of the confining gate propagates inward towards the centre, from where it is reflected and catches up with the propagating front (Rottman & Simpson 1983) . This constant velocity is proportional to (gh) 1/2 , where g is the acceleration due to gravity. Thereafter a similarity form of solution develops with the radial coordinate at the front r proportional to (gV i ) 1/4 t 1/2 (Hoult 1972) . The transition between these two phases occurs on a timescale
This timescale suggests analysing the motion after the acceleration phase, which is defined to end at t f , r f , by using the lengthscale r i and the timescale τ f to graph the non-dimensional runout distance (r −r f )/r i as a function of the non-dimensional time (t − t f )/τ i . This is done, using logarithmic scales, in figure 17 . We see that there is a clear first phase of unit slope, followed by a brief second phase of slope 1/2 -before figure 18 . The close analogy between the forms of motion identified here and with a frictionless fluid gravity current strengthens further our argument that intergranular frictional forces play a negligible role in the spreading of granular columns (except just at the end, during the stopping phase).
From our high-speed cinematography we determined the time, t ∞ , at which the motion of the flow front ceased. By dimensional arguments t ∞ must be of the form
for some functional form of G(a). For a < 1.7, the expression for t ∞ must be independent of r i and so
for some constant K. In figure 19 we plot the data for sand, from which it is seen that there is good agreement with the functional form (15) if K = 3.0. Somewhat surprisingly, for a > 1.7 the data are still well represented by
or t ∞ = 3.0(h i /g) 1/2 . Note that the time of free-fall of a particle from a height h i is given by (2h i /g) 1/2 ≈ 1.41(h i /g) 1/2 which indicates that the total spreading time is approximately twice the free-fall time.
We note that all the experimental flows come to an abrupt halt. Typical times between the flow front and the adjacent particles in the frontal region ceasing motion was in the order of 100 milliseconds, which represents approximately 5% of the total emplacement time. The process offreezing the flow involves rapid and sometimes jump-like propagation of interfaces between flowing and static particles which are observed at the base and free surfaces of the flow. This behaviour contrasts with the motion of density currents of simple Newtonian fluids which flow continuously, with a transition from the inertial regime to a viscous regime of slow creeping flow (Huppert 1982) . We interpret this difference as a consequence of intergranular friction becoming dominant as the flows lose energy and freely flowing granular material is converted into a static 'solid-like' granular pile.
Discussion
A common approach to understanding fluid flow phenomena is to develop fundamental theoretical analyses of the fluid forces, usually using the continuum approach. Results of model calculations using such theories can then be verified by experiments. In the case of granular materials this approach has proved difficult. The continuum approach may not be strictly valid and it has proved hard theoretically to develop models of the small-scale particle interactions and relate these to the larger-scale motion of granular materials except for extremely simplified systems. Experimental work is also complicated by the problem that steady flows of granular materials can only be established under rather special circumstances, for example down slopes where the slope is between the dynamic and static angles of friction. However, in nature and probably in most industrial situations granular flows occur in circumstances where steady flow conditions are unlikely.
These difficulties suggest that an alternative approach might help advance understanding. Here we have investigated experimentally a simple flow configuration in which a cylinder of granular material is allowed to relax to a stable configuration by slumping on a horizontal surface. Observation of the motions, flow phenomena and final configuration of the system combined with scaling arguments then provide clues to the mechanisms of granular flow. The flows can also be compared with other kinds of fluids flowing in similar configurations to give insight into the dynamics.
In the present experiments we observe that the flows are in general unsteady with three main phases being recognized: an initial acceleration; a constant-velocity phase (which may be absent); and a gentle deceleration followed by an abrupt halt of the flow front in typically less than 5% of the overall time for the experiment. The observation of a significant period of constant-velocity flow is particularly interesting, because this kind of behaviour is also observed for slumps of Newtonian fluids where the flow is dominated by inertia. The granular materials are effectively behaving as if they were simply dense fluids with internal friction playing no role. For a Newtonian fluid the internal friction is viscosity and for granular flows it is the frictional interactions between particles. Thus the gross behaviour of the currents in the constant-velocity phase can be described in a very similar way to a simple gravity current in the initial slumping phase. The experimental observations also indicate that during this constant-velocity stage there is very little particle deposition except for the formation of a very thin layer of particles at the base derived from the leading edge of the flow. It is clear from observations of the final position of different concentric zones in the flow that almost all of the slumped material is in motion until very close to the end.
The flows are finally emplaced in a rather short decelerating phase. The observations of the kinematics can be usefully compared to simple gravity currents of Newtonian fluids. We observe that in the decelerating phase the flows follow a power law, which is similar to that observed for inertial gravity currents of Newtonian fluids. Thus even in the third phase, shortly before they come to a halt, the flows seem to behave as inertial currents where internal friction due to particle interactions is not important. It is only at the very end that the flows depart significantly and fundamentally from behaviour consistent with a simple balance of buoyancy and inertia. In a Newtonian fluid the system would have a final transition to a viscous regime where buoyancy and viscosity are balanced. The granular flows instead come to an abrupt halt which is associated with transmission of very rapidly moving interfaces between static and moving material. These observations can be interpreted as the consequence of the flow losing energy and the rather abrupt onset of strong frictional interactions between the particles. The flow ceases motion in all places over a very short period of time (≈ 5% of the total) and can be viewed as close to en masse freezing. A competing view of the decelerating phase is that it represents the period when frictional forces start to become important and that the similarity of the power law of distance versus time to an inertial gravity current is merely a coincidence.
The final configuration of the flow deposits is not strictly self-similar and depends on the initial geometry of the cylinder of sand. Flows with more potential energy (generally higher cylinders) can produce deposits with a conical geometry that are well below the angle of static or even dynamic friction.
These results and the ideas that derive from our observations may serve to elucidate many different features of granular flows. For example, there has been a long-running controversy about the mechanism of emplacement of pyroclastic flows. Two schools of thought have emerged as follows.
In one concept, pyroclastic flows are envisaged as dilute and turbulent particulate currents from which a deposit is formed by progressive aggradation (Branney & Kokelaar 1992) . In this model the deposit is built up layer by layer over a significant period of time, perhaps comparable to the time it takes the current to move from its source to its maximum distance or longer. In another concept, pyroclastic flows are envisaged as concentrated flows, which come to an abrupt halt by en masse freezing (Sparks 1976) . The cause of freezing was originally attributed to the flow having nonNewtonian rheology, with the flow stopping abruptly when the basal shear stress falls below the yield strength. The non-Newtonian model is no longer thought to represent a helpful way of describing concentrated pyroclastic flow behaviour. Instead it is increasingly recognized, on the basis of observations, experiment and theory, that pyroclastic flows are better envisaged as granular flows, which may also be partially fluidized (e.g. Sparks 1976; Wilson 1980; Drake 1990; Grunewald et al. 2000; Roche et al. 2002) .
Our experiments show that an alternative mechanism exists to bring granular flows to an abrupt halt. The flow stops abruptly when the particle frictional forces start to dominate. In this case it is not strictly en masse freezing as it takes a finite (but small) time for the interface between moving and deposited material to sweep through the deposit. However, this depositional time is much shorter than the emplacement time of the current and material can only move rather short lateral distances. If particles of different size and density have been sorted within the flow during transport then these arrangements might be expected to be preserved with rather limited modification within the final deposit. This is in contrast to the model of Branney & Kokelaar (1992) where vertical variations in the final deposit reflect the fluctuations in the current properties passing a local point of deposition. This mechanism thus provides a model for pyroclastic emplacement from concentrated currents, which is rather closer to that envisaged by Sparks (1976) and Wilson (1985) .
Our novel investigation immediately suggests further studies which we have already begun to consider. First, we plan to explore further the effects of raising the material to a height H before it drops initially to the base, as discussed briefly in § 4.5. Second, how are the various phenomena categorized and what are the quantitative results for a wide rectangular box of granular material -essentially a Cartesian, two-dimensional situation? Third, what new phenomena are introduced when the base is inclinedbelow or above the angle of response? Fourth, how do these results differ if the spreading is into water, not air, or into a very viscous fluid, like oil? Fifth, how is the transition between a flowing granular material and a static deposit best described quantitatively? We intend to provide answers to each of these queries in subsequent publications.
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